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Diamond, with its high radiation damage resistance, is an attractive alternative to silicon for neutron
measurements in next step fusion experiments. A2@06thick type lla natural diamond with Ti/Au
contacts was tested at the LAMPF-WNR facility by time-of-flight neutron energy identification. The
crystal, having a carrier lifetime of up to 1 ns, was arranged in a low-energy-resolution,
high-sensitivity proton recoil telescope consisting of a polyethylene radiator and a
low-energy-proton Teflon filter. This arrangement is similar to the triton burnup monitor of Croft

et al.[Rev. Sci. Instrum64, 1418(1993], where a silicon photodiode was used as a recoil proton
detector. The observed sensitivity for 14 MeV neutrdd$) is (1.25+0.15 X102 counts/neutron.
However, a high contribution of neutron-induced events in the diamond, mainly céfbeh?)

recoils, was observed. A one-dimensional calculation for the detector response to carbon recoil and
proton deposition is compared to the measurements. Poor energy resolution of the diamond detector
precludes pulse height discrimination between direct 2.5 MeV neutrons events and proton events
corresponding to 14 MeV neutrons. Therefore, an overall DT/DD neutron sensitivity ratio of only
~6.5 is achieved. This value is much lower than the ratio of 540 reported by &raftin their

silicon (A=28) monitor.

I. INTRODUCTION Croft et al* A 2-mm-thick polyethylene proton radiator and
7 80um-thick Teflon proton filter are placed in front of the

In present day fusion experiments, and especially in ne al ted f it by &6 . Si th
step ignited experiments, there is a need to monitor the fucrystal, separated irom 1t by &b mm air gap. since the

sion burn with good spatial and temporal resolution. This 219€ of 14.1 MeV protons in polyethyle_nedéz.s mm; the
need requires the development of radiation-resistant neutrorr""i‘d"""tOr used produces close t(,) a maximum gmount of pro-
detectors having high sensitivity for 14.1 MeV DT neutronsNs- ON the other hand, the f||t_er used is thick e”‘“;gh 0
and good discrimination against 2.5 MeV DD neutrons. TheSt°P the 2.5 MeV protongrange in Teflon 0f~64.5 um)

high radiation hardness of diamdnahakes these crystals an while producing a minimum perturbatlon on the higher-
attractive active material for these measurements. Relying ifin€r9y proton flux. The air gap has a negligible effect on the
the reactior?C(n,a)°Be, “rare” extra-pure diamond crystals bulk Qf the allowed protons.. The Ti/Au electncql contacts'on
have been tested as fast neutron spectrometers with an ifhe diamond were on the side closer to the radiator and filter.

ferred energy resolution lower than 2% .However, these The assembled detector is placed in the broad-spectrum
spectrometers have intrinsically low sensitivities, typically "@utron beam100 keV to 800 MeV produced by the Los

(1-2x10°* counts/neutron. In this article we analyze theAlamos Meson Physics Facilitt AMPF) accelerator com-
use of a “typical” type Ila natural diamond as a triton burnup Pined ‘é‘”th the Weapons Neutron Reseal®tNR) target
monitor. The diamond is arranged in a proton recoil te|e_faC|I|t_y. In this latter facility neutrons are pr_oduced by 250-
scope similar to that developed by Crat al.* with the ps-wide pulses of protons causing spallation of a tungsten
diamond crystal replacing the silicon photodiode of Croft'starget. The detector, locatedl9 m away from the spallation
telescope. In this arrangement a proton radiator is used tgr9et, is directly connected to an EG&G 142A preamplifier
improve the sensitivity over that originating from direct in- Whose output is transmitted by-al0-m-long RG-58 coaxial
teraction of neutrons with the atoms of the detector and &able to an EG&G 474 timing filter amplifier. The condi-

filter for low-energy protons is added to help in the discrimi- tioned and amplified signal is then fed to an EG&G 934
nation against 2.5 MeV DD neutrons. constant fraction discriminator to obtain a start trigger pulse

for a Tennelec TC861A time-to-amplitude convert€AC).
The TAC stop trigger is obtained by delaying the LAMPF-
WNR electrical reference signat2 us with an EG&G 416A
A 200-um-thick type lla natural diamond was prepared gate-and-delay generator. The time-of-flight spectrum is fi-
by depositing Ti/Au electrical contacts on one side of itsnally registered by an EG&G 916 multichannel analyzer
~12.5 mnf surface. The interdigitated contacts covered 1/3(MCA) board installed in an IBM-compatible PC. A64 V
of the active surface. Two chemical vapor depositiG¥D)  bias is supplied to the detector through the 142 A preamp-
diamonds were also prepared; however, their response to difier.
pha particles was much poorer in terms of energy resolution Each channel of the analyzer registers events associated
than that of the natural diamond detector. These CVD diawith neutrons having a particular time of flightOF) from
monds were not studied further. the spallation targefi.e., energy. The main sources of un-
The diamond crystal is mounted on Brtype connector certainty in this TOF/energy association come from the time
and arranged in a proton recoil telescope similar to that opread produced by the EG&G 934 discriminator and from

Il. EXPERIMENTAL SETUP
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FIG. 2. Measured sensitivitigsounts divided by the incident neutron spec-
FIG. 1. Time-of-flight counts obtained in 3000 s acquisition runs on the!'um corresponding to the complete detector and the bare detector.
LAMPF-WNR broad-spectrum neutron source. Shown are the results from

the complete detector, the bare detector and the detector with no Teflon filter. ) o
or at least reduce their energy below the discriminator level.

the calibration of a particular TOF with a particular neutronAt very high energieg=80 MeV) the proton-recail cross

energy.(The LAMPF-WNR electrical reference signal has asect|on in the polyethylene radiator is small enough that the

fixed but unknown delay respect to the proton pulse strikingCounts are dommaFed by direct '.""t“”‘?” even_ts and possibly
the spallation target.No identifiable gamma flash is ob- some charged particle events originating at high energy out-

served in the measured TOF spectra shown in Fig. 1 Thgide the detector. The drop in the bare detector trace around
TOF-to-energy calibration used comes from identifying thechannel 215~4.9 MeV) corresponds to the threshold above

dip in the bare detector respon&iescribed in the next sec- which neutron-induced inelastic carbon recoils in the dia-
tion) with the threshold for neutron-induced inelastic carbonrnorlOI become possible. Above this incident energy some of

recoils. It is assumed in the analysis presented in this articlgqe Interaction Gtznelzgy 'S _?tbsdor_lk_f_d by the carbontr;uileuts(\i/vgh
that the WNR facility is sufficiently well collimated and a gamma eventually emitted. 1his gamma IS not detected by

shielded such that no spurious higher-energy events are regle diamond, and consequently the total electrical pulse gen-

istered delayed in time by the multichannel analyzer. Ex- rat?d '3 tt:e dlamon(t:i IS retduct:ed Zelovx(/j the discriminator
amples of such spurious events would be those caused 6?/"6 and the apparent count rate reduced.

high-energy multiply-scattered neutrons that reach the detec- The traces in Fig. 1 can be compared with the number of

tor after some delay. Support for this assumption comes fropheutrons incident on the detector during the time of measure-
measurements of the byproducts of the reactiof €Nt This neutron flux is calculated with a transport code
198(n,ay)'Be, with the boron sample placed on and off thecombined with the Intra-Nuclear-Cascade model developed

: - at Los Alamo< The results of the comparison can be seen in
neutron beam.The counts observed with the sample outside® o .
b 2. A sensitivity of(1.25+0.15 %10 2 counts/neutron is

the beam were in all cases less than 1% smaller than thof.g' : . .
0 o%ntalned for 14.1 MeV DT neutrons together with a sensitiv-

obtained with the sample placed on the beam. ity ratio of approximately 6.5 between the DT neutrons and

2.5 MeV DD neutrons. This is a substantial improvement

over the values corresponding to the bare detector which,
Three 3000 s acquisition runs were obtained with theleaving aside possible external charged particle effesgs

complete detectofi.e., diamond, radiator, and filterwith the next sectiop are (3.5+1.0)X10 # counts/neutron and a

the diamond aloné‘bare” detectop, and with the diamond discrimination ratio of around 2. Nevertheless, the sensitivity

and radiator but no filter. The results for these three runs caratio observed with the complete detector is much lower than

be seen in Fig. 1. The discriminat®EG&G 934 was setto  the ratio of 540 reported by Croft al? in their silicon

a level corresponding to approximately 0.4 MeV alpha parimonitor.

ticles, inferred by irradiating the bare detector with the same

amplifier and bias voltage but in normal pulse height count-

Ill. RESULTS

ing mode with 5.8 Me\**Cm alphas. IV DISCUSSION
As can be seen in Fig. 1, there is a substantial contribu-
tion from direct neutron events in the diamo(ste the sig- In order to analyze the response characteristics of the

nal from the bare detectprin fact, with the complete detec- detector, the measured sensitivities can be compared with
tor essentially all counts observed around 2.5 MeVcalculations that take into account the neutron reaction cross
correspond to direct neutron events. The protons that origisections, the proton energy deposition rates, and the detector
nate in the radiator by recoil collisions with 2.5 MeV neu- geometry. Results from these comparisons can be seen in
trons are effectively stopped by the Teflon filter. In the low-Figs. 3 and 4 for the bare detector and complete detectors,
energy range(<1 MeV), the 6 mm air gap between the respectively. Due to the small number of random variables

radiator and the diamond is enough to nearly stop all protonallowed in the model used for these calculation, it is possible
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lines through them. The effects of the electrod2800-A-
thick gold and 500-A-thick Tion the energy decay of the

S

£ 087 ) ' _ ) :

2 ¢ ° gg%‘;:'me"t — protons is neglected. The electrodes are only included in the

% 0.6k —— 30% ] calculation to account for the fact that below them the elec-

€ tric field is negligible and no induced charge is measured

§ : from carriers produced in these regions.

" 0.4r — ] The finite observed sensitivity to low-energ.7—2.0

2 s —— MeV) neutrons of the bare detector is difficult to reconcile

:; 0.2 Q))M: with the amount of energy needed to be deposited to exceed

2 // the discriminator setting. The elastic energy transfer from a

@ 0.0L = : . neutron to a recoiling carbon nucleus should provide only a

& 1 10 fraction of this incident energy into the diamond. In order to
Neutron Energy (MeV) explain the long low-energy tail one needs to argue that the

energy resolution of our diamond detector to carbon recoils
FIG. 3. Comparison of the bare detector results with two numerical calcuffOM Neutron interactions is substantially poorer than the
lations of the detector responganergy resolutions of 30% and 300% ~30% energy resolution observed with the 5.8 M&ICm

alpha particles, as poor as 300%!. With this high-energy
to evaluate the probabilities for different energy depositionsres'OIUtlon value, a reasonable qgreement b_et_ween the bare

detector results and the numerical calculatiéng. 3) for

in the diamond for each incoming neutron. Given then a ¢ es | than 10 MeV be obtained b
discriminator energy level and a energy resolution value, tpgeutron energies fower than eV can be obtained by

probability for obtaining an electric pulse above discrimina-considering the diamond to have an effective thickness of 24

tor threshold can be evaluated. The cross sections used - This effective thickness Is within 5%. of that expgcteq
these calculations are those from the ENDF library and thgﬂ;nm the electrode geometry a_nd the_applled bias. Wh"e dif-
energy deposition rates are from Ref. 5. erer_lt values for the effgc_nve thickness proport_lonally
The calculation for the bare detect(Fig. 3 utilizes modify the calr_:ulated sensitivity for all qeutron energles_,_tr_le
only elastic'2C(n,n)*?C collisions, inelastic’C(n,n)2C* energy resolution va_llue affects predomlnanFIy the _sensmwty
reactions to the first excited carbon level, af€(n,«)°Be in the low-energy t_a|[0.7—2.0 MeV. Calculgtlons with bet-
reactions, since all other reactions have substantially lowel€" €nergy resolutiongthe dashed curves in Figs. 3 anil 4

cross sections. Figure 4 shows the comparison of the upro[esult in lower sensitivities of the bare detector in this energy
ton” contribution of the complete detector, that is, the differ- 2Nge than those measured. This choice of effective thickness

ence between the responses of the complete detector and tff‘l'%d resﬂolutior} produces also a good agreement between the
bare detector. The calculation in this case employs elasticProton” contribution results and the corresponding calcula-
recoil collision cross sections in the polyethylene radiator tdio" (Fig. 4) in the same energy range. It is assumed here that
generate the proton flux. Once this flux has been created tHB€ discriminator energy level employed during the neutron
calculation follows the energy decay of this flux as it trans_measurements is the same as that inferred for alpha particles,
verses the remaining portion of radiator, the complete Teflot® 0.4 MeV. . . .

filter and the air gap and, if the protons are not stopped in  1he source of the discrepancy in both Figs. 3 and 4 for
either of these layers, calculates the energy deposited in tf€rgies greater than 10 MeV is also not known. One pos-
diamond (carbon. All layers, including the diamond, are sible explanation is that at higher energies the effective thick-

considered one dimensional and the protons travel in straigit€ss for neutron-induced events in the diamond may be big-
ger than that estimated for lower energies. At high neutron

energies, more carriers are produced in each event and hence
there is a higher probability of inducing an electric pulse
above the discriminator level from regions of low electric

c

[o]

‘;5: 15F 6 o Experiment '//\\ ] fields (i.e., beyond the 24m). In this way, the discrepancy

£ — ggg" /A observed in Fig. 3 is reduced. This conjecture, although fa-
*2 1ol vorable for the bare detector results in the sense that reduces
3 the discrepancy observed, does not apply for proton ioniza-
e tion in the diamond. On the contrary, above 10 MeV the
'9 0.5k proton energy depositiofor ionization rate in diamond de-

~ creases as the energy of the proton increases. So, another
rg‘ explanation is needed for the complete detector comparison.
2 0.0 . A second explanation for the mismatch at high energies
[

@

[72]

1' 1'0 is that in this energy range the bare detector is sensitive to
charged particles originating in the surrounding structures of
the WNR facility and hence additional counts are observed

FIG. 4. Comparison of the results corresponding to the “proton” contribu- _Over those expected. On the contrary, the Complete detector

tion of the complete detector with two numerical calculations of the detector's_nOt Sens_itive_ due t_o the presence of “filtering” layers. The
response respongenergy resolutions of 30% and 300% mismatch in Fig. 4 is then due to the fact that the proton

Neutron Energy (MeV)
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tor (including 30% as a good oheould obtain a reasonable
discrimination ratio with only a moderate sacrifice on the
sensitivity. Nevertheless, since the active material is carbon
(diamond with atomic mass of 12, the sensitivity ratio in
these detectors is inherently lower than that of silicon detec-
tors (atomic mass of 28such as that of Crofet al* The
lower the atomic mass, the higher the energy acquired by the
recoiling nucleus in a collision with an incoming neutron and
hence, the higher the pulse height observed. Experimental
runs with poor statistics were tried at higher discriminator
levels (up to 1.1 MeV, with the low-energy counts still ex-
isting. Nevertheless, the poor statistics in these runs do not
allow further discussion about the origin of the low-energy
tail observed. Further measurements may be planned for the

oo N
o U o

ol
o w

100

Sensitivity ratio g (107 counts/neutr.)

10— - E near future to quantify better the energy resolution of the
’ = — detector.
0.2 1 5
Discriminator level (MeV) V. CONCLUSIONS

FIG. 5. (a) Calculated complete detector sensitivity) for 14.1 MeV DT We have meas_ured the neutron SenSit_iVity of a proton
neutrons andb) sensitivity ratio between DT neutrons and 2.5 MeV DD recoil detector using natural type lla diamond on the
nelrjltrons as e;ffun_ctior;]_ofkdiscrim]in;;gr $ﬂergyJ$fvel.The detector isI a_ssumquMPF_WNR beam, and Compared the measurements to a
to have an effective thickness o . ree different energy resolutions H HE H
are shown: 3%, 30%, and 300%. A vertical line is drawn at the discriminatorlD Calcmatlon' The observed se_n5|t|V|ty for DT neutrons in
level used in the experiment. the diamond detector analyzed is comparable to that of the
silicon detector of Crofet al* and may be of interest for the
fusion community. Nevertheless, the poor energy resolution
contribution plotted has been obtained by subtracting the ad>30%) of this diamond detector precludes pulse height dis-
ditional “charged-particle” counts which are not actually crimination between 2.5 MeV DD neutron events and 14
present in the complete detector. The amount of additiond//€V DT events yielding a low overall DT/DD neutron sen-
of missing counts observed in Fig. 4. It should be emphaWith better resolution$<30%) and an appropriate choice of

sized that these charged particles, if present, do not affect tHfiSCriminator level, although some degradation in the DT
measurements with the complete detector below 15 MeV duBe€utron sensitivity is inevitable.
to the presence of the 2 mm of polyethylene and.80 of
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